A Chebyshev transformer-based microstri-to-groove-gap-waveguide inline transition for MMIC packaging by Pérez Escudero, José Manuel et al.
JOURNAL OF 1
A Chebyshev Transformer Based Microstrip to
Groove Gap Waveguide Inline Transition for MMIC
Packaging
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Abstract—Gap waveguide technology has become an alterna-
tive for millimetre and sub-millimetre wave electronic circuit
packaging thanks to the loss reduction associated to its use. In
this paper a simplified design of an inline transition between
microstrip and groove gap waveguide operating at W-band is
presented. The transition consists of a tapered microstrip line
and a Chebyshev adapter that couple the quasi-TEM mode of
the microstrip line to the so-called vertical mode of the groove
gap waveguide. The simplicity of this design makes this transition
appropriate for MMIC packaging at millimetre frequencies and
above. The simulation results have been experimentally validated
in the W-band. Good performance has been achieved: return loss
better than 10 dB and mean insertion loss lower than 2 dB.
Index Terms—Groove Gap Waveguide, Microstrip, Chebyshev
Transformer, Waveguide Transition.
I. INTRODUCTION
The number of applications at millimetre, sub-millimetre
and terahertz frequencies is constantly growing. In the com-
munications field, due to the saturation of the spectrum at
low frequencies and the increasing demand for bandwidth in
point-to-point wireless links, occupation of higher frequency
bands becomes a good alternative for wireless backhaul, the
next generation wireless 5G and wireless HDMI [?]. More-
over, high performance sensors at W-Band can be used for
automotive radar [?]. In addition, the high resolution of mm-
waves, their penetration through some materials (e.g. clothes,
wood...), and the fact that, on the contrary to X-rays, they
are not a threat for human health, allow their use for security
imaging, e.g. for concealed weapon detection in airports [?].
The development of these applications requires efficient
packaging solutions which allow integration of microstrip
and waveguide based components. Packaging is important
to protect the circuit not only from environmental hazards
but also from mechanical stress that components may suffer.
In addition, RF packaging allows isolating the circuits from
external interferences. However, standard enclosings are liable
to create resonant cavities if not properly controlled, which
produces additional losses [?].
Recently, a novel approach for packaging has been pro-
posed, based on the so-called bed of nails [?]. These are
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periodic metallic structures which avoid propagation of elec-
tromagnetic waves in a certain frequency range. Thanks to this
property they have found its application for parasitic mode
suppression [?]-[?]. In addition, pin surfaces allow creating
waveguides if a linear defect is introduced [?]-[?]. These
structures resemble metallic rectangular or ridge waveguides
and a family of components are being developed based on
them [?]-[?].
However, integration of MMIC components in these novel
waveguide solutions requires transitions between them and
planar technology transmission lines, such as microstrip or
coplanar waveguide. Several of the proposed solutions are
based on inline configurations. However, they require full-
wave optimization, since they either rely on complex geome-
tries [?]-[?] or are meant for low frequency operation [?].
In this paper, out of the several bed of nails based waveguide
implementations [?], we will focus on the so-called Groove
Gap Waveguide (GGW). This waveguide consists of an air
channel in between two bed of nails sections. A simple
alternative for an inline transition between this waveguide
and microstrip working at W-Band will be presented. The
transition design follows an analytical approach, similar to that
in [?] and [?] but adjusting the design to the GGW propagation
characteristics. As a consequence, since the dimensions are
computed by means of the standard Chebyshev transformer
design formulae, full wave optimization is avoided.
The structure of the paper is organized as follows. First,
Section ?? describes the proposed transition, the analytic
method for the design and the full wave simulation results.
Afterwards, the manufacturing procedure and the experimental
validation are presented in Section ??. Finally, conclusions are
drawn in Section ??.
II. TRANSITION DESIGN AND SIMULATION RESULTS
The proposed inline transition is presented in Fig. ??.
The transition consists of two sections: a linear transition
from microstrip to dielectric filled GGW and a Chebyshev
transformer from dielectric filled GGW to standard (air filled)
GGW. The operating principle is based on the high similitude
between the field distribution of the so-called vertical mode of
the GGW [?] and the rectangular waveguide TE10 mode. This
allows employing a technique for the design of this transition
similar to that used in [?]. Even though this principle and
the design procedure presented for this kind of transition is
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Fig. 1: (a)Perspective view the proposed microstrip to groove
gap waveguide (GGW) transition. (b) Explosion view of
the microstrip to GGW transition. Note that the Chebyshev
transformer is not an independent piece.
applicable to any frequency band, in this case the transition
will be realized to work at W-Band.
A. Groove Gap Waveguide Design
The GGW consists of an air channel in between two
periodic metallic pin sections. This periodic metallic pin
distribution that surrounds the waveguide, also referred to as
bed of nails, is designed to have its band-gap in the desired
frequency range [?], [?]. In this case, the pin parameters were
optimized so that the band-gap covers from 50 GHz to 110
GHz, which includes the W-band, and the final dimensions
are gathered in Table ??. The resulting dispersion diagram,
computed with Ansys HFSS eigenmode solver, is shown in
Fig. ??, where we can observe that the band-gap, determined
by the highest frequency of the first mode of the dispersion
diagram and the lowest frequency of the second mode of the
dispersion diagram, covers the full W-band.
Based on this pin structure a GGW was created by leaving
an air channel in between them. This creates a propagation
band in the band-gap of the periodic structure. In order to
make the resulting GGW compatible with a W-band WR10
rectangular waveguide, the height of the GGW will be the
same as that of the WR10 waveguide, i.e. 1.27 mm. Regarding
the width, w in the inset in Fig. ??, it will be adjusted
TABLE I: Dimensions of the unit cell of the bed of nails, see
Fig. ??.
Parameter Description Value (µm)
d Pin height 1190
a Pin size 600
h Air gap 80
p Period 1240
Fig. 2: Dispersion diagram of the periodic unit cell. The
vertical lines represent the limits of the band-gap.
for monomode operation in the desired frequency range. In
our case, in order to facilitate testing, it should also provide
good matching to a WR10 waveguide. The best result was
obtained for w = 2.45 mm and the performance of this direct
connection is shown in Fig. ??. The return loss is higher than
25 dB within the W-band operational bandwidth (75-110 GHz)
and the insertion loss is negligible, below 0.1 dB. The different
width between GGW and standard waveguide is caused by the
different boundary condition at the waveguide walls, which
allow evanescent fields to penetrate the lateral pin regions. In
this case five periods of pins surround the waveguide. Even
though a smaller number of pins would be enough to prevent
leakage, the whole available area was covered with pins.
B. Transition design
As mentioned, the transition is divided into two parts: a
microstrip linear taper and a Chebyshev transformer between
dielectric filled and air filled GGW (see Fig. ?? for details).
The first part corresponds to a microstrip linear taper,
whose top view is shown in Fig. ????. This line, which
matches the 50 Ω microstrip line to the dielectric filled
GGW (DFGGW) impedance, is calculated using the standard
microstrip impedance formulae and a 3λg/4 length [?]. It is
printed on 100 µm thick Rogers CuClad 233 (ǫr = 2.34 and
tan δ = 0.009) where the required width to obtain the 50 Ω
characteristic impedance is 300 µm.
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Fig. 3: Performance of a direct connection between a groove
gap waveguide and a WR-10 rectangular waveguide.
The second part of the transition follows a similar approach
to that proposed in [?]. The impedances of the Chebyshev
transformer sections are calculated by the standard formulation
[?].
First, the order of the transition necessary to satisfy the









where TN is Chebyshev polynomial of order N , N is the order
of the Chebyshev transformer, RL is the load impedance (in
this case the impedance of the air filled GGW), Z0 is the input
impedance (in this case, the dielectric filled GGW).








where ∆f is the transformer bandwidth and f0 is the central
frequency.
The impedance of the different waveguide sections are







where η0 is the vacuum impedance, ǫr is the dielectric constant
of the GGW filling medium (the microstrip dielectric substrate
for the DFGW and air for the rest of them), b is the height of
the GGW section and w is the width of the GGW, 2.45 mm.
The reflection coefficients are calculated by equating the
terms.
ρ(θ) = 2e−jNθ[ρ0cosNθ + ρ1cos(N − 2)θ + . . .+
ρncos(N − 2n)θ + . . .] = Ae(−jNθ)TN(secθmcosθ)
(4)
For this design a three section transformer is enough to
obtain return loss higher than 15 dB in the full W-band and
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(6)
and ρ2 = ρ1 because of the symmetry of the Chebyshev




These impedances correspond to the electric impedance of a








where Zwg,n is the impedance of the n-th GGW section.
Fig. ???? shows a perspective view of the three steps of
the half-split Chebyshev transformer with waveguide height
bn and length ln, which corresponds to λg/4. The input GGW
section is filled with dielectric, and its height corresponds to
the substrate thickness plus the metal cladding. Note that there
is no restriction on its length, since this section is not strictly a
part of the Chebyshev transformer. The same value as for the
other sections has been taken. In addition, given the change
of dielectric, the required impedance of the first section is
obtained with the same height, i.e. b1 = b0.
The dimensions of the whole transition can be seen in
Table ??. The structure has been simulated using the com-
mercial Finite Element Method solver Ansys HFSS. First,
the two different parts, i.e. the microstrip to dielectric filled
GGW and the Chebyshev transformer between dielectric filled
GGW and air filled GGW, have been simulated separately.
These results are presented in Fig. ??. It can be seen that the
return loss is better than 20 dB for both cases. On the other
hand, the insertion loss are lower than 0.5 dB for both cases.
Nonetheless, in the microstrip case the losses are higher, due
to the dielectric and radiation losses. Note that these results
have been obtained with the analytic procedure above, without
any full-wave optimization.
The back-to-back transition includes a 5.18 mm microstrip
line in between the two transitions; the model used for
simulation is shown in Fig. ??. When the whole transition is
analysed, the insertion and return loss results shown in Fig. ??
are obtained. In this figure, the microstrip to GGW single and
back-to-back transitions are compared.
The mean insertion loss is 0.66 dB for the single transition
and 1 dB for the back-to-back configuration. The higher
insertion loss in the back-to-back configuration is ascribed
to the substrate losses in the longer microstrip line. The
losses in the microstrip line have been calculated by full wave
simulation in HFSS taking into account the loss tangent of the
dielectric material at high frequencies (tanδ = 0.009). For the
single transition these losses are 0.33 dB. Therefore, the losses
of the transition can be estimated as 0.66− 0.33 = 0.33 dB.
The mean return loss is 24.1 dB and 17.2 dB for the single
and back-to-back transitions, respectively. The back-to-back
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Fig. 4: Microstrip to groove gap waveguide transition: (a)Top
View and (b) Perspective view of the half-split transition.






























Fig. 5: Simulation of the scattering parameters of the mi-
crostrip to dielectric filled GGW (solid line) and the GGW
Chebyshev transformer (dashed line).
Fig. 6: 3D perspective view of the back-to-back transition
model used for HFSS simulation.
TABLE II: Dimensions of the transition (µm).
Parameter Description Design Fabricated
lt Microstrip taper length 1500 1467
wt Microstrip taper width 1300 1256
b0 Input GGW height 116 158
b1 GGW Section 1 height 116 158
b2 GGW Section 2 height 380 407
b3 GGW Section 3 height 950 953
l0 Input GGW length 830 859
l1 GGW Section 1 length 830 821
l2 GGW Section 2 length 830 810
l3 GGW Section 3 length 830 810
w GGW width 2450 2290
b WR-10 waveguide height 1270 1280
transition presents worse S11 due to the non perfect matching
at both ports. Anyway, return loss is better than 15 dB for
almost the whole band in both configurations. In Fig. ?? the
electric field distribution at 92.5 GHz is shown. It can be
observed that the Quasi-TEM mode of the microstrip line
couples to the vertical mode of the GGW. Furthermore, the
mode confinement in the GGW region thanks to the bed of
nails can be also appreciated, although the field evanescently
decays in the pin areas.
C. Tolerance analysis
The effect of different manufacturing and assembly errors
will be evaluated in this section. First, the effect of the air
gap between the bed of nails and the lid on the performance
of the transition will be studied. As a matter of fact, one of
the main problems when rectangular waveguides are split in
the H-Plane is the tight contact required between both parts
in order to reduce losses. This problem is alleviated by the
use of the bed of nails, since no contact is required. In our
design an 80 µm air gap has been considered at the end of
the pins. To evaluate the error tolerance on this air gap the pin
length has been swept around the nominal value. The results
are shown in Fig. ??. We can observe that when the air gap is
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Fig. 7: Simulation of the scattering parameters for the mi-
crostrip to groove gap waveguide single (solid line) and back-
to-back transitions (dashed line).
Fig. 8: E-Field distribution of the microstrip to GGW transition
at 92.5 GHz.
smaller than the nominal value, the transition behavior remains
hardly unaffected. The performance gets worse at the central
frequency but in any case the reflection coefficient is below
-18 dB. However, when the air gap increases, there is a certain
degradation of the performance and the bandwidth below -15
dB is reduced. Nonetheless, the performance is still acceptable
and represents a good solution for H-plane splits.
In addition, different errors related to misalignments of
the microstrip substrate have been considered. First, the
misalignment in the waveguide longitudinal direction, i.e. z
direction according to Fig. ?? has been analysed. In this
Fig. 9: Evaluation of the effect on the transition performance of
errors in the fabrication of the metallic pins, given by different
values of h.
case the misalignment produces the microstrip taper length
to be shorter than designed and the substrate enters into the
second Chebyshev transformer step, see the inset in Fig. ??
for clarification.
The simulation results for different values of misalignment
are shown in Fig. ??. The response is still acceptable for
100 µm, with S11 ≤ −12 dB for almost the whole band.
However, for 500 µm the performance is not satisfactory. This
degradation is produced by two effects: on the one hand the
microstrip taper line becomes shorter than required and its final
impedance is different from the impedance of the DFGGW;
on the other one, the dielectric enters the second step and
modifies its impedance and wavelength. Both effects modify
the response of the Chebyshev adapter.
Another effect that has been taken into account is the
misalignment in the transverse direction, i.e. in the x direction
according to Fig. ??. This positioning error implies that the
pins touch the dielectric substrate and therefore the air gap
at their end becomes equal to the substrate thickness, i.e.
0.127 mm. Therefore, the nominal case corresponds to the
substrate centred with the GGW, but with this value of h,
different from the optimum, 80 µm. In this case, the effect
is more important than in the previous one, see Fig. ??,
mainly because, due to the loss of symmetry, the displace-
ment prevents the microstrip taper line to excite properly the
GGW mode. As a matter of fact, a high order resonance is
excited for misalignments larger than 30 µm. Nonetheless,
the performance is still acceptable until the displacement is
100 µm. Thus, the alignment pins in the microstrip substrate
are necessary in order to guarantee accurate assembly.
Finally, the effect that the substrate has a cutting error so
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Fig. 10: Evaluation of the effect on the misalignment of the
microstrip substrate in the z direction, given by different values
of misz . The inset shows the displaced microstrip substrate
and its nominal position (in dashed line).
Fig. 11: Evaluation of the effect on the misalignment of the
microstrip substrate in the x direction, given by different values
of misz . The inset shows the displaced microstrip substrate
and its nominal position (in dashed line). The nominal case
corresponds to h = 127 µm.
Fig. 12: Evaluation of the effect on the substrate length, given
by different values of tolz . The inset shows the microstrip
substrate and its nominal dimensions (in dashed line).
that it is longer than the designed one has been evaluated .
The effect is shown in Fig. ??. This error is not so critical,
since it just affects the impedance and propagation constant
of the second transformer section. The S11 is below -10 dB
for all cases; thus the circuit is tolerant to this misalignment.
III. MANUFACTURING AND EXPERIMENTAL VALIDATION
In order to verify the transition performance, the back-to-
back configuration was manufactured and tested. As explained
previously, the two transitions were separated by a 5.18 mm
long microsrip line. The behaviour of the whole structure is
not affected by this microstip length; however, the longer the
microstrip the higher the circuit global losses. The GGWs were
9 mm long and were connected directly to the WR10 rectan-
gular waveguides of the W-band millimetre wave extenders.
The metallic block was micromachined in aluminium and
split in the H-Plane. The pins are machined just in one of the
metallic blocks, the other one being flat. Proper alignment was
guaranteed by eight screws and eight alignment pins. Since a
tight contact between the upper and bottom metallic parts is
not required, the manufacturing tolerances can be relaxed.
The microstrip transition was manufactured by a stan-
dard photolithography procedure at the Public University of
Navarra’s facilities. First, the bare substrate is cleaned, and
afterwards coated with a 7 µm layer of AZ nlof 2070 negative
photoresist. The photoresist is baked at 110o and exposed to
ultraviolet light. After exposing, the photoresist is developed
with the AZ726 chemical developer. The photoresist that has
not been exposed to UV light is removed and then the substrate
is metallized with 2 µm of copper. Finally, a technical stripper,
NI555, is applied to the substrate, removing the metallized
photoresist. The final step consists on cutting the circuit with
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Fig. 13: Photographs of the fabricated prototype and measure-
ment set-up. (a) Microstrip line printed on Rogers CuClad
233 substrate on the bottom metallic block and the two bed
of pins. (b) Back-to-back transition connected to the VDI W-
Band extenders.
the required shape. For this purpose, a LPKF ProtMatH100
milling machine was been used. Photographs of the fabricated
prototype can be seen in Fig. ????.
The circuit assembly is simple. The substrate is placed in
the bottom metallic block with the help of the alignment pins.
It is then tightly screwed and finally the circuit is closed with
the top metallic block. It is not necessary to weld or glue any
part.
Once assembled, the back-to-back transition was measured
with an Agilent PNA-X E3861 Microwave Network Analyser
with two VDI W-Band VNA Extenders. Previously the equip-
ment was calibrated using the standard TRL (Through, Reflect,
Line) calibration kit. Fig. ???? shows a photograph of the
measurement setup. A comparison between the measurements
and the back-to-back simulation, for the ideal case and for
the case taking into account the deviation of the dimensions
produced by the tolerance error in the fabrication process is
plotted in Fig. ??. These dimensions have been measured with
a Mitutoyo Hyper MF-U 176-402-43 measuring microscope.
Comparing with the simulation results, shown with point-
dash line, where manufacturing errors are not taken into
account, the cut-off frequency and the response is blueshifted
and there is certain degradation in terms of performance.
The frequency shift is ascribed to the narrower manufactured
GGW channel, which is 2.39 mm wide instead of 2.45 mm.
Nonetheless, the predicted response, once the fabricated values
are introduced in the simulation model, is in good agreement
with the measured performance. The best measured insertion




































Fig. 14: Comparison between the predicted performance (point
dashed line), the simulation taking into account fabrication
errors (solid line) and measurement results (dashed line) of
the back-to-back transition.
loss is 1.5 dB at 90.4 GHz, with 3 dB mean value if the full
W-band is considered. In addition, in the 85 - 105 GHz band
the insertion loss is better than 2 dB. These losses include
those in the transition and in the microstrip line. For the 5.18
mm long microstrip line the losses computed by HFSS are
0.66 dB. If the transition is considered symmetric and the
losses of the microstrip line are removed, the transition losses
can be estimated as 1.17 dB for each single transition, i.e. the
taper and the Chebyshev transformer. Finally, the return loss
is better than 10 dB from 83.9 GHz to 109 GHz, except for a
resonant peak at 105 GHz.
IV. CONCLUSION
An inline microstrip to groove gap waveguide transition
which allows for analytic design has been presented in this
paper. This solution provides a good alternative for MMIC
packaging and connection to GGW components. In order to
prove this concept, a W-band transition based on the back-
to-back configuration has been validated, presenting good
agreement with the simulations: return loss better than 10 dB
and insertion loss lower than 2 dB.
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